Direct DNA injection into porcine skeletal muscle was investigated as an approach for studying roles of locally produced IGF-I on IGF-binding protein (IGFBP) production. To determine parameters for maximal reporter gene expression, and to investigate the effects of dose, time and weaning on exogenous DNA expression, plasmid DNA encoding firefly luciferase under control of a constitutive promoter and enhancer was injected in skeletal muscle of pigs. Results indicate that injected DNA does not migrate beyond 9 mm from injection sites and that 100 µg DNA injections resulted in optimal luciferase activity. Maximum amounts of recombinant protein were observed 3 days after injection, and were reduced by weaning. Using these data, a second DNA injection study was performed using plasmid DNA containing a cDNA insert for epitopetagged insulin-like growth factor-I (TIGF-I). Significant quantities of TIGF-I were detected by ELISA and confirmed by western blotting. Both IGFBP-2 and IGFBP-2 mRNA were increased in treated muscle compared with controls. We conclude that increased expression of IGF-I in muscle results in increased IGFBP-2. Furthermore, these data indicate that this in vivo approach of gene transfer results in biologically active recombinant protein production in porcine skeletal muscle, and provides an excellent in vivo model for studying the autocrine and (or) paracrine effects of locally produced growth factors in skeletal muscle.
Introduction
Insulin-like growth factors (IGFs) have important roles in the regulation of skeletal muscle growth and development (Florini et al. 1996) . Many of the paracrine and autocrine roles of the IGFs, including interactions with the IGFbinding proteins (IGFBPs), have been studied using cells in culture. IGFBPs can stimulate or inhibit IGF-I receptor-mediated IGF activity (Rechler 1993 , Zapf 1995 . For example, treatment of cultured muscle cells with IGF-I at concentrations to alter growth increases secretion of IGFBPs (McCusker & Clemmons 1988 , McCusker et al. 1989 , including IGFBP-2, which is the predominant binding protein secreted by porcine muscle cells (Fligger et al. 1998) . Both IGF-I and IGFBPs are developmentally regulated throughout porcine muscle development, but interactions between IGF-I and IGFBP-2 in vivo are not clear (Gerrard et al. , 1999 . Klindt et al. (1998) have demonstrated an increase in IGFBP-2 levels in the serum of pigs treated with IGF-I, but the interaction of muscle-derived IGF-I on IGFBP-2 is less clear. Studying interactions of these growth factors in vivo would enable a better understanding of autocrine and paracrine actions in muscle.
Although infusion of peptide is one means of investigating in vivo roles of IGF-I (Adams & McCue 1998) , gene transfer allows local expression of IGF-I in muscle and offers an in vivo model for further study of IGF-I and IGFBP interactions. Recently, Barton-Davis et al. (1998 ) used viral-mediated delivery to introduce IGF-I into muscle of mice. An alternative method to viralmediated delivery is direct injection of plasmid DNA, which has been shown to produce a variety of recombinant proteins, including hormones, in several vertebrate species (Wolff et al. 1990 , MacColl et al. 1999 . Alila et al. (1997) demonstrated localized and sustained production of biologically active recombinant human IGF-I after intramuscular injections of plasmid DNA encoding this protein. Direct injection of DNA into porcine skeletal muscle is a potential large-animal in vivo model for further investigation of the autocrine and paracrine effects that have been observed in vitro. In this study, direct DNA injections of luciferase DNA reporter constructs were used to develop a model for obtaining recombinant protein production in porcine skeletal muscle. Factors examined in developing this model were exogenous DNA migration, and effects of DNA dose, time and weaning on recombinant protein production. Subsequently, this model was used for the production of biologically active recombinant epitope-tagged IGF-I in porcine skeletal muscle to examine effects of this IGF-I on IGFBP-2 expression.
Materials and Methods

Plasmid DNA purification
Plasmid DNAs used in the present study were pGL3C DNA plasmid (Promega, Madison, WI, USA) containing the luciferase reporter gene under control of the SV40 promoter, and pcDNA3.1(+) (Clontech, Palo Alto, CA, USA) containing the porcine IGF-I cDNA under control of the CMV promoter (epitope-tagged IGF-I, TIGF-I). The IGF-I cDNA contains the sequence for the mature IGF-I peptide, signal peptide and carboxy peptide. To enable identification of exogenous IGF-I from the endogenous protein, the amino end of the mature peptide sequence has an 11-amino acid (T7) tag that is detected by an anti-T7 antibody. Reichel et al. (1998 Reichel et al. ( , 2000 have demonstrated that this DNA vector produces biologically active recombinant IGF-I in muscle cell cultures. Plasmid DNA was isolated using a Wizard Plus Maxipreps DNA purification system (Promega).
Intramuscular plasmid DNA injections
Plasmid pGL3C DNA (100 µg, 200 µg and 500 µg) was resuspended in 250 µl sterile saline (0·9% NaCl) containing 1% india ink. Hair was removed from skin overlying the longissimus muscle and injection sites marked with a tattoo gun. Plasmid DNA was injected intramuscularly with 27 G1/2 needles (Becton Dickinson, Franklin Lakes, NJ, USA).
Experimental design for luciferase injections
Crossbred pigs (7 days of age) were obtained from the Purdue University Research and Education Center. All procedures were approved by the Purdue University Animal Care and Use Committee. Nine pigs were used in the first study to determine the migration of injected DNA and/or recombinant protein at various doses and times after injection, and 24 pigs were injected in the second study to determine the effects of DNA dose, time and weaning on recombinant protein expression. Each pig received a total of four injections in the longissimus muscles at 7 days of age. The right muscle was injected with 100 and 200 µg plasmid DNA, whereas the left muscle was injected with 500 µg and 0 µg plasmid. In the first study (n=9), pigs were left with the sow, and three pigs per time were killed at 10, 17 and 24 days after injection. Injected areas of the muscle were located using the presence of the india ink. Samples were collected and weighed. Five 3-mm samples (15 mm wide 16·5 mm deep) anterior (sites 1 to 5) to the injection site (site 0) and five 3-mm samples posterior (sites 1 to 5) to site 0 were collected. In the second study (n=24), pigs were injected at 7 days of age, and three pigs per time that remained with sows were killed at 3, 10, 13, 14, 15 and 17 days after injection. Six injected pigs were weaned 14 days after injection, and three pigs were killed on days 15 and 17 after injection. A single muscle sample (21 16·5 21 mm) was collected from each injection site. All muscle samples were frozen in liquid nitrogen and stored at 80 C until required for processing.
Experimental design for IGF injections
Longissimus muscles of six pigs (7 days of age) were injected with 100 µg TIGF-I plasmid DNA. Each pig received a total of six injections (two injections of 100 µg DNA and one injection of saline alone in each longissimus muscle). Three days after injection, two pigs were killed and muscle samples measuring 21 16·5 21 mm were collected from treated and control injection sites. Two pigs were weaned 3 days after injection and two pigs were left with the sow. These remaining four pigs were killed 4 days after injection and muscle samples were collected for further analysis. Samples were frozen in liquid nitrogen and used for ELISA, IRMA, and western, ligand, and northern blot analyses. Serum was harvested from blood collected during tissue collection.
Preparation of muscle homogenates
Frozen muscles were pulverized into a fine powder using a mortar and pestle. Ground muscle was suspended in 500 µl homogenization buffer (25 mM Tris base, 5·7 mM CDTA, 10% glycerol, 2 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 10 µg/ml aprotinin, 10 µg/ml leupeptin). Samples were vortexed and subjected to three freeze-thaw cycles using liquid nitrogen and a 37 C water bath. Samples were then centrifuged at 10 000 g for 5 min and supernatants containing muscle extracts were transferred to microfuge tubes and stored at 80 C. Total protein was determined using a bicinchoninic assay (Sigma Chemical Co., St Louis, MO, USA)
Luciferase assay
Luciferase content was determined using an automated microplate luminometer. Luciferase substrate (Promega) was added by the dispenser unit of the luminometer to an aliquot of muscle extract. Relative light units (RLU) were recorded 2 s after addition of substrate. All samples (20 µl volume) were assayed in triplicate. The amount of luciferase in muscle extracts was calculated from RLUs using a standard curve with known quantities of purified firefly luciferase (Boehringer Mannheim Biochemicals, Indianapolis, IN, USA). Data are presented as total amount of luciferase per injection site sample.
Western blot analysis
Muscle extracts containing 10 µg total protein were subjected to SDS-PAGE (15% polyacrylamide for luciferase samples; 10% polyacrylamide for TIGF-I samples). Proteins were electrotransferred to membranes (Protran, Schleicher and Schuell, Keene, NH, USA for luciferase; Hybond, Amersham, Arlington Heights, IL, USA for TIGF-I). Membranes were dried and incubated at 4 C in 5% non-fat dry milk (NFDM) reconstituted in phosphatebuffered saline (PBS). After incubation, membranes were washed three times with PBS containing 0·1% Tween-20 and incubated in a 1:200 dilution of rabbit -luciferase polyclonal antibody (Sigma) for 1 h at room temperature or in a 1:200 dilution of -T7 monoclonal antibody (Novagen, Madison, WI, USA) or -IGF-I monoclonal antibody (Oncogene Science, Cambridge, MA, USA) in 5% NFDM/PBS overnight at 4 C. Membranes were washed three times with PBS plus Tween and incubated with a donkey -rabbit antibody coupled to horseradish peroxidase (Jackson Immuno Research Labs, West Grove, PA, USA) at a dilution of 1:10 000 (for luciferase) or a donkey -mouse antibody coupled to horseradish peroxidase (Jackson Immuno Research Labs) at a dilution of 1:5000 (for TIGF-I) for 1 h at room temperature. Membranes were then washed three times with PBS plus Tween and three times with PBS, and then incubated briefly with a mixture containing equal volumes of enhanced chemiluminescence (ECL) reagents 1 and 2 (Amersham). Membranes were exposed to hyperfilm ECL (Amersham) for visualization of recombinant luciferase and TIGF-I.
TIGF-I ELISA
ELISA plates were coated with 10 µg total protein or 50 µl serum in binding buffer (0·5 M Tris, pH 8·5) overnight. After washing (0·05 M Hepes, 0·15 M NaCl, 0·05% Tween, pH 7·4), the wells were blocked (3% NFDM in 0·05 M Hepes) for 15 min at room temperature. Incubation with primary antibodies was performed for 1 h at 37 C. After washing, the wells were incubated with an alkaline phosphatase-conjugated secondary antibody (1:2500) for 1 h at 37 C. Wells were washed, p-nitrophenylphosphate phosphatase substrate (p-Nitrophenylphosphate Phosphatase Substrate System, Kirkegaard and Perry Laboratories, Gaithersburg, MD, USA) was added and the wells were incubated for 30 to 45 min. Absorbance was recorded at a wavelength of 405 nm using a microtiter plate reader. Samples were analyzed in triplicate. The amount of TIGF-I was calculated from a standard curve with known quantities of purified TIGF-I.
Total IGF-I assay
Total IGF-I in serum and muscle extracts from treated and control sites was quantified by IRMA after acidethanol extraction (Diagnostic Systems Laboratories, Inc., Webster, TX, USA). Samples were analyzed in duplicate and the amount of IGF-I determined from a standard curve with known quantities of IGF-I.
Ligand blotting of IGFBP-2
Western ligand blotting was performed using procedures described by Fligger et al. (1998) . Samples (equivalent to 15 µl muscle homogenate) were subjected to SDS-PAGE and proteins were electrotransferred to membrane (Amersham). Blots were briefly air-dried and incubated at 4 C with solutions of Tris/saline (0·1 M Tris, 1·5 M NaCl, 0·2% sodium azide) containing nonidet P-40 (3%), BSA (1%) and Tween-20 (0·1%) for 30, 120 and 10 min, respectively. Radiolabeled IGF-I (Amersham) was diluted to a concentration of 100 000 c.p.m./ml in hybridization solution containing saline, Tween-20 (0·1%) and BSA (1%) and blots were incubated at 4 C overnight. Blots were washed twice with saline containing 0·1% Tween-20, followed by three washes with saline only. Blots were then air-dried and autoradiographed for 2-6 days. Relative intensities of the bands in the resulting autoradiographs were quantified by densitometric analysis (Kodak Digital Science 1D, v. 2.0.1 Network Edition, New Haven, CT, USA).
Bands on ligand blots were confirmed to be IGFBP-2 by performing both ligand and western blot analyses on a separate single blot. After transfer, the blot was cut into two strips. One strip was analyzed by western blotting using a rabbit -bovine IGFBP-2 polyclonal antibody (Upstate Biotechnology Institute, Lake Placid, NY, USA) and procedures described above. The second strip was subjected to ligand blotting. This procedure confirmed that the 32 kDa protein visualized on ligand blots was immunoreactive to IGFBP-2 antibody.
Northern blot analysis of IGFBP-2 mRNA
Northern blot analysis was performed as described by Gerrard et al. (1999) , with the following modifications. RNA (40 µg) from muscles injected with DNA or saline only was subjected to electrophoresis and transferred to membrane (Amersham) and crosslinked (UV Stratalinker, Stratagene, La Jolla, CA, USA). After prehybridization, hybridization was performed using a 585-bp fragment (corresponding to nucleotides 502-1087) from the coding region of a rat IGFBP-2 cDNA (obtained from Dr M Rechler, NIH, Bethesda, MD, USA; Brown et al. 1989) labelled with [ 32 P] (Megaprime DNA labeling system, Amersham). After hybridization, blots were washed and subjected to autoradiography for 5-7 days. Autoradiographs were subjected to densitometric analysis (Kodak Digital Science 1D, v. 2.0.1 Network Edition, New Haven, CT, USA). Blots were subsequently stripped and rehybridized using a [ 32 P]-labelled 18S riboprobe (Ambion, Austin, TX, USA) to confirm equivalent loading and transfer of RNA among lanes.
Statistical analysis
To determine the effect of dose, time, weaning, and interactions on recombinant gene expression, data from ELISA, IRMA, and image analysis of ligand and northern blots were analyzed using the General Linear Model procedure and Student-Newman-Keuls test of the Statistical Analysis System (SAS 1996).
Results
Migration, dose and time-course analysis of luciferase
To determine procedures for muscle sampling that would allow for accurate assessment of recombinant protein production, a study on the migration of injected DNA was conducted using a luciferase reporter gene. Total luciferase per muscle sample was dependent on sample site (P<0·0001; Fig. 1 ), but migration was not dependent on time or dose (P>0·10). For injections of 100 µg DNA (dose with greatest luciferase, P<0·0001), anterior ( 1) and posterior (1) sites immediately adjacent to the injection site (site 0) contained only 11-14% of the luciferase found at site 0 where its activity was greatest (P<0·0001). The majority of luciferase (>99%) was present within three sites of the injection site (sites 3, 2, 1, 0, 1, 2, and 3; equal to 21 mm). Beyond three sites (9 mm) on either side of the injection sites, luciferase was less than 1% of that observed at site 0 (P<0·0001). No luciferase was detected in sites 5 and 5. For all subsequent studies, muscle samples measuring 21 mm in length 16·5 mm deep (depth of longissimus muscle) 21 mm wide were collected for analyses.
To determine optimal amounts of plasmid DNA for greatest production of recombinant protein, dose-response experiments were conducted using 100, 200 and 500 µg pGL3C. Dose response was not dependent on time (no dose time interaction; P>0·10). Greatest (P<0·0001) luciferase activity was observed with injections of 100 µg DNA (Fig. 2) . Greatest (P<0·01) luciferase activity was observed at 3 days after injection with 100 µg injections of plasmid pGL3C (Fig. 3) . Peak expression of about 10·1 ng observed at 3 days after injection declined markedly (P<0·01) to 3·3 ng by 10 days after injection, and did not change (P>0·10) thereafter to 17 days after injection.
Effect of weaning on luciferase production
To evaluate the effect of weaning on recombinant protein production, a comparison of luciferase activity in weaned and non-weaned pigs was conducted. Weaning had a negative effect (P<0·001) on exogenous DNA expression (Fig. 4) . In pigs weaned at 21 days of age and killed 1 day later (15 days after injection), the amount of luciferase activity was 1·72 ng, compared with 5·26 ng in nonweaned pigs. Similar differences were observed 17 days after injection. This negative effect of weaning on recombinant luciferase production was further confirmed by western blotting, using homogenates from muscles injected with 100 µg pGL3C DNA (data not shown).
Quantification of TIGF-I
TIGF-I was detected by the ELISA in all treated muscle homogenates (Fig. 5) , whereas no significant TIGF-I was detected in control muscle. Furthermore, weaned pigs had lower (P<0·01) amounts of TIGF-I than non-weaned animals. Western blotting confirmed these findings and confirmed that the T7 antibody was specific for TIGF-I (data not shown). Recombinant IGF-I could not be detected in sera of injected animals.
To determine if the synthesis of TIGF-I in treated muscle contributed to an increase in total IGF-I concentrations, an IGF-I IRMA using an IGF-I polyclonal antibody was performed on both treated and control muscle homogenates. Amount of IGF-I was greater (P<0·01) in muscle extracts from DNA-injected sites than from saline-injected sites (Fig. 6 ). These data indicate that the recombinant protein synthesized in muscle as a result of direct injections contributes to a significant increase in total IGF-I concentrations in treated sites. In fact, this increase in total IGF-I is accounted for by TIGF-I (compare Figs 5 and 6). As was observed with the ELISA data, there was a decrease (P<0·0001) in total IGF-I in treated muscle of weaned animals compared with that of non-weaned pigs.
Quantification of IGFBP-2
Densitometric analysis of ligand blots show greater (P<0·01) amounts of IGFBP-2 in treated muscle as compared with controls (Figs 7 and 8) . Abundance of IGFBP-2 was very low in control samples and undetectable in control samples from weaned pigs. The induction of IGFBP-2 was also less in weaned pigs than in nonweaned pigs. TIGF-I treatment and weaning had similar effects on IGFBP-2 mRNA (Figs 9 and 10 ).
Discussion
Because recombinant luciferase is easily detected in mammalian tissues in the absence of endogenous luciferase, plasmid pGL3C was used as a reporter gene for obtaining data on DNA migration, and the effect of dose, time and weaning on exogenous DNA expression. Our studies on the migration of injected DNA enabled us to develop muscle sampling procedures for subsequent experiments involving muscle injected with plasmid TIGF-I DNA. The finding that less than 1% luciferase activity was detected beyond 9 mm on either side of the injection site suggests that most of the injected DNA remains within 21 mm of the site of injection. Therefore, in the second part of this study, muscle samples measuring 21 16·5 21 mm were collected and analyzed for the presence of recombinant protein.
DNA dose-response results suggest that the amount of injected DNA is critical for maximum production of the recombinant protein. As greatest expression was obtained with 100 µg plasmid DNA, all comparisons between treated and control animals were made using muscle tissue injected with this dose of DNA. It is possible that amounts of DNA greater than 100 µg affect muscle osmolarity which, in turn, may affect cellular uptake of plasmid DNA. Time-course analysis showed that, regardless of the DNA dose, there was a decline in luciferase DNA expression from 3 to 10 days after injection. This decreased expression may be due to degradation of injected DNA, as was observed by Manthorpe et al. (1993) ; thus the amount of DNA that elicits expression may represent only a portion of the DNA that was injected.
Having established optimum conditions for the production of a recombinant protein in porcine skeletal muscle in our previous study, we developed an in vivo injection model for the production of biologically active, epitopetagged, recombinant IGF-I. Our ELISA and IRMA data from treated and control muscle indicates that TIGF-I contributes to a significant increase in total IGF-I found in injected muscle. However, data from the IRMA indicate that TIGF-I does not appear to increase the concentrations of endogenous IGF-I. The ability of TIGF-I to increase concentrations of IGFBP-2 in injected muscle, as demonstrated by ligand blotting, suggests that this recombinant protein is biologically active. Northern blot analysis confirmed an increase in IGFBP-2 expression in injected muscle.
In the present study, the stimulation of IGFBP-2 by IGF-I suggests an important role for this binding protein in skeletal muscle. Because saline-injected muscle does not show an increase in IGFBP-2, it suggests that trauma (penetration of the muscle with the injection needle) is not a factor that resulted in increased IGFBP-2. To exclude the possibility that exogenous DNA could alter IGFBP-2 concentrations independent of TIGF-I, injections of the vector without the TIGF-I cDNA would serve as a better negative control. Further studies are required to determine the role of IGFBP-2 in skeletal muscle and its interaction with IGF-I.
We consistently observed significant decreases in luciferase, TIGF-I, IGFBP-2 and IGFBP-2 mRNA levels in weaned animals. Carroll et al. (1998) reported significant decreases in endogenous serum IGF-I and IGF-II that accompanied the transient reduction in growth of weaned pigs. These findings indicate that weaning has a negative effect on the production of both exogenous and endogenous proteins. Nutritional status is known to influence the expression and secretion of several growth-related hormones, including GH (Atinmo et al. 1978 , Farmer et al. 1992 , Straus 1994 ) and IGF-I (Booth et al. 1994 , Weller et al. 1994 . Furthermore, animal age at the time of weaning may affect the degree to which growth-related endocrine function is altered (Carroll et al. 1998) . Nevertheless, the negative effect of weaning on the production of luciferase and TIGF-I in treated muscle suggests that the activity of SV40 and CMV promoters may be sensitive to these nutritional stresses. Experiments on non-weaned animals with reduced food intake would provide information on whether dietary changes have a major role in the weaning effects observed above. Our data show that IGF-I and TIGF-I affect IGFBP-2 levels in muscle. Therefore, lower levels of IGFBP-2 transcripts in weaned animals could be attributable to the decrease in IGF-I and TIGF-I in weaned pigs. The negative effect of weaning on the synthesis of exogenous proteins and the time course required for these proteins to reach normal concentrations after weaning requires further characterization.
The inability to detect TIGF-I in the sera of injected pigs in our study suggests that our DNA injection system offers a method with which to study local production effects of IGF-I without affecting circulating concentrations, which could have undesirable effects on other tissues. Delivery of IGF-I via adeno-associated virus has similar advantages (Barton-Davis et al. 1998) . However, direct injection of DNA has been used to alter circulating hormones (MacColl et al. 1999) . For example, DraghiaAkli et al. (1997 DraghiaAkli et al. ( , 1999 demonstrated that intramuscular injections of plasmid DNA containing a human growth hormone-releasing hormone cDNA into mice and pigs resulted in increased concentrations of growth hormone in serum, along with increased body growth. Moreover, Anwer et al. (1998) administered intramuscular injections of plasmids for expression of human growth hormone (hGH) and observed long-term expression of biologically active hGH in skeletal muscle and its secretion into the systemic circulation. Perhaps multiple injections of plasmid IGF-I DNA or larger amounts of DNA coupled with electroporation (Draghia-Akli et al. 1999 ) are required to observe significant concentrations of the recombinant protein in the circulation of larger animals. This would enable further study of the hypothalamic-pituitary-IGF axis in pigs and other large animals.
In summary, we have demonstrated that DNA injection can be used for directing local production of IGF-I in porcine muscle, and that an epitope tag allows recombinantly synthesized exogenous IGF-I to be distinguished from endogenous IGF-I. More specifically, we have demonstrated that locally produced IGF-I increases IGFBP-2 production in muscle. We have also shown that production of recombinant proteins decreases during weaning. This technique of direct injections of DNA into skeletal muscle, resulting in the localized production of a recombinant protein, provides an excellent model for studying the autocrine and (or) paracrine effects of hormones and proteins that have roles in muscle growth and development.
